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ABSTRACT
The microquasar Cygnus X–3 was observed several times with the Gemini North
Infrared Spectrograph while the source was in the hard X-ray state. We describe the
observed 1.0–2.4 µm spectra as arising from the stellar wind of the companion star
and suggest its classification as a WN 4–6 Wolf-Rayet star. We attribute the orbital
variations of the emission line profiles to the variations in the ionization structure of the
stellar wind caused by the intense X-ray emission from the compact object. The strong
variability observed in the line profiles will affect to the mass function determination.
We are unable to reproduce earlier results, from which the mass function for the Wolf-
Rayet star was derived. Instead, we suggest that the system parameters are difficult
to obtain from the infrared spectra. We find that the near-infrared continuum and
the line spectra can be represented with non-LTE Wolf-Rayet atmosphere models if
taking into account the effects arising from the peculiar ionization structure of the
stellar wind in an approximative manner. From the representative models we infer
the properties of the Wolf-Rayet star, and discuss possible mass ranges for the binary
components.
Key words: Line: profiles – infrared: stars – stars: individual: Cyg X–3 – stars:
Wolf-Rayet – stars: winds, outflows – binaries: close
1 INTRODUCTION
One of the most peculiar sources amongst microquasars is
Cygnus X-3 (Cyg X–3). It is known for massive outbursts
that emit throughout the electromagnetic spectrum from
radio to γ-rays and produce major radio flaring episodes
usually with multiple flares that peak up to 20 Jy (e.g.,
Waltman et al. 1995), making it the single most radio lu-
minous object in our Galaxy at its peak. The most striking
feature of its X-ray lightcurve (Parsignault et al. 1972) is a
strong 4.8-hour periodicity which is attributed to the orbital
modulation of the binary. The same periodicity has been ob-
served in the infrared, that is in phase with the X-rays but
has only 10% modulation while the X-rays are modulated
by 50% (Becklin et al. 1973, 1974; Mason et al. 1976, 1986).
The distance to Cyg X–3 has been recently estimated to
be 7.4 kpc (McCollough et al. 2016). Since Cyg X–3 lies in
the Galactic plane, interstellar extinction has prevented the
detection of the optical/UV counterpart, thus rendering the
usual identification techniques of the stellar companion ob-
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solete, and promoting the use of infrared observations. The
infrared spectrum of Cyg X–3 resembles most closely a Wolf-
Rayet (WR) star (van Kerkwijk et al. 1992; van Kerkwijk
1993; van Kerkwijk et al. 1996).
Whether the compact object in Cyg X–3 is a black hole
or a neutron star is not certain. Zdziarski et al. (2013) favour
a low-mass black hole based on orbital kinematics measured
using infrared and X-ray emission lines (Hanson et al. 2000;
Vilhu et al. 2009). On the other hand, based on X-ray spec-
tral modelling, the mass of the black hole could be as large
as 30 M (Hjalmarsdotter et al. 2008). Also, a neutron star
as its compact object has never decisively been ruled out.
The mass estimate in Zdziarski et al. (2013) relies in part to
radial velocity measurements of certain helium and nitrogen
lines (Hanson et al. 2000) using quiescent K-band spectra
from the Multiple Mirror Telescope (Fender et al. 1999). Al-
though these observations give a nearly constant value for
the radial velocity amplitude of these lines, the systemic ve-
locity changes from line to line by as much as 270 km s−1.
The reason for this could be the turbulent motion of the
WR stellar wind.
In Hanson et al. (2000), the mass function of the WR
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star was derived from the radial velocity curve of what was
identified as a He I 2p–2s absorption line, motivated by its
proper phasing and assuming that the line was tracing the
stellar wind motion in such a way that it traces the binary
motion of the WR star. On the other hand, it is not clear
whether the infrared line velocities have anything to do with
the orbital motions of the binary, but rather reflect the ve-
locity field of the stellar wind. In addition, the observations
were taken during an outburst in Cyg X–3, when a strong,
double-peaked He I 2p–2s emission line was present complic-
ating the line region. Since 1999, no similar high-resolution
infrared observations have been published, and this issue
remains to be solved.
Cyg X–3 is extremely compact system as implied by
its orbital period. Regardless of the nature of the compact
object, if the WR companion star is correctly identified, it
introduces a massive stellar wind component to the system
that is likely to figure prominently in much of the phenomen-
ology of the system. The stellar wind is embedded in a region
of high X-ray energy density. This suggests that the lumin-
ous X-ray source should have a strong influence on the beha-
viour of the stellar wind. In addition to providing the fuel for
accretion of matter to the compact object, the stellar wind
has been proposed to be a major component of the infrared
emission (van Kerkwijk et al. 1992; van Kerkwijk 1993; van
Kerkwijk et al. 1996), modifying the hard X-ray emission
by Compton down-scattering (Zdziarski et al. 2010), modi-
fying the soft X-ray emission by absorption and re-emission
(Szostek & Zdziarski 2008; Zdziarski et al. 2010), producing
photoionized X-ray emission (Paerels et al. 2000), and emit-
ting seed photons to be scattered by the relativistic electrons
in the jet to produce γ-rays (Tavani et al. 2009; Fermi LAT
Collaboration et al. 2009; Dubus et al. 2010).
The infrared spectrum shows a wealth of helium and
nitrogen lines, whose radial velocity changes with the phase
of the binary. However, distinct from a normal binary with
blueshift and redshift occurring at the ascending and des-
cending node, the maximum blueshift is observed at X-ray
phase φ = 0.0, and maximum redshift at X-ray phase φ =
0.5. This has been previously explained with a model where
the lines are formed in the X-ray shadow, behind the WR
star, where the intense X-ray emission from the compact ob-
ject does not ionize the gas, and where a normal line-driven
wind can be formed (van Kerkwijk et al. 1996). Similarly, the
relative phasing of the infrared and X-ray continua can be
understood so that the cool part of the wind is more opaque,
thus shadowing the hot part and resulting in infrared min-
imum at X-ray phase φ = 0.0 (van Kerkwijk 1993).
Due to these observables Cyg X–3 is by definition a
unique source amongst high-mass X-ray binaries since it har-
bors an atypical companion star and has a very short orbital
period. On the premise that the binary constitutes a WR
companion and a black hole, this uniqueness has been estab-
lished also through population studies (Lommen et al. 2005).
Similar systems have been observed in other nearby galaxies:
IC 10 X–1 (Prestwich et al. 2007; Silverman & Filippenko
2008), NGC 300 X–1 (Carpano et al. 2007; Crowther et al.
2010; Binder et al. 2011), and WR/black hole candidates in
NGC 4490 (Esposito et al. 2013) and NGC 253 (Maccarone
et al. 2014). The combination of short orbital period, and
the presence of a compact object with a massive compan-
ion star makes it a good prototype candidate for being a
progenitor of a gravitational wave source (Belczynski et al.
2013).
In this paper we use Gemini Near-IR Spectrograph
(GNIRS) on the 8.1 m Gemini North telescope to measure
the infrared (H-, J- and K-band) spectrum of Cyg X–3 to
study the stellar wind component in detail. In Section 2, we
present the observations and the process to obtain the re-
duced infrared spectra. In Section 3, we present the proper-
ties of the spectra including the continuum and line spectra,
and show that they are best represented by a WN 4–6 star.
We compare the averaged line spectrum to the non-LTE at-
mosphere models of WR stars, and show that representative
models to the data can be found by taking into account the
impact of the ionizing X-ray radiation to the stellar wind.
In addition, we study the line profile through the orbital
phase, present radial velocity profile and full width at half
maximum (FWHM) of the emission lines and one absorp-
tion line, and compare them to the previous results from
literature. In Section 4, we discuss that the results indicate
a complicated ionization structure in the wind, or possibly a
presence of a shock between the compact object and stellar
wind, and likely modifications contributed by clumps in the
wind. In addition, based on the modelling of the line spec-
trum, we derive estimates for the stellar wind parameters,
and discuss probable mass ranges for the binary compon-
ents. We present our conclusions in Section 5.
2 OBSERVATIONS AND DATA REDUCTION
The infrared spectra were acquired as a poor weather pro-
gram with cloudy or poor seeing conditions. Some datasets
were omitted from the analysis due to low statistical sig-
nificance resulting from very poor conditions. We used the
cross-dispersed mode of the GNIRS, “short blue” camera,
32 l/mm grating and 0.3” wide/7” long slit. This mode
gives simultaneous spectral coverage from ∼1.0–2.4 µm with
resolving power of R∼1400 and a pixel scale of 0.15”/pixel.
The telescope was nodded along the slit by ∼3” in ABBA-
type sequence, where the individual exposure time for one
ABBA-sequence was ∼10 minutes. The total exposure times
varied depending on the queue and weather conditions, typ-
ically being ∼1 hour long, and Cyg X–3 was successfully ob-
served during six nights in June, July and November 2015.
The list of the observations used can be found in Table A1.
The raw spectra were reduced using XDGNIRS
pipeline version 2.2.6.1 designed to reduce GNIRS cross-
dispersed spectrum using mainly the data reduction tasks of
the Gemini IRAF package. XDGNIRS produces a roughly
flux-calibrated spectrum from an ABBA-set of raw science
and calibration files. In the following, the reduction steps are
briefly introduced. First, the data are cleaned of any pat-
terned noise and radiation events are removed. The source
and standard star files are then flat-fielded, sky-subtracted,
rectified and wavelength-calibrated. After combining the
ABBA-set of files, the spectrum of each spectral order is
then extracted using an aperture of 12 pixels (1.8”) along
the slit. For telluric absorption line removal, we used type
1 The code can be accessed at the Gemini Data Reduc-
tion User Forum: http://drforum.gemini.edu/forums/gemini-
data-reduction/
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A1V standard star (HIP 99893 or HIP 103108) observed be-
fore or after each observation run. The intrinsic absorption
lines are removed from the standard star spectrum by fitting
Lorentz profiles to the lines, after which the source spectrum
is corrected by the standard star spectrum. In some regions
(1.34–1.45 µm and 1.80–1.95 µm) the atmosphere is dom-
inant and these are cut from the final spectra. To produce
roughly flux-calibrated spectra, each order is multiplied by
a blackbody spectrum of appropriate temperature scaled to
the K-band magnitude of the standard star. Finally, the or-
ders are combined and the inter-order offsets are removed to
produce the final spectrum. At the end of reduction process
we went through the spectrum and looked for any obvious,
spurious artefacts and interpolated over them if necessary.
3 RESULTS
3.1 The 1.0–2.4 µm spectrum
The stellar type identified with the Cyg X–3 infrared spec-
trum is that of a WR star (van Kerkwijk et al. 1992, 1996).
The infrared bands previously used have been K- and H-
band (Fender et al. 1999) and K- and I-band (van Kerkwijk
et al. 1992; van Kerkwijk 1993; van Kerkwijk et al. 1996). We
observed Cyg X–3 in the J-band in addition to the K- and
H-band. The broadband spectrum is essential to make the
comparison to a WR atmosphere model spectrum more ro-
bust, and to distinguish between different stellar types. Fig.
1 shows one 10 min exposure spectrum on 16 June 2015
taken during X-ray phase φ = 0.5, i.e. the infrared max-
imum, displaying heavy extinction and a wealth of emission
lines. We have excluded regions where the atmospheric emis-
sions dominate.
Assuming that the infrared lines arise from the WR
wind, the infrared continuum should resemble the con-
tinuum from the WR star as well, namely a power law in the
form Fλ ∝ λβ . In a global study by Morris et al. (1993), WR
stars were found to have < β >= −2.85± 0.4. In the case of
Cyg X–3, this approximately corresponds to AK=1.4±0.1
when using the Stead & Hoare (2009) extinction law, where
the near-IR extinction is a power law with Aλ ∝ λ−2.14. The
K-band extinction is much lower than the previous value
derived in van Kerkwijk et al. 1996, AK=2.1±0.4, due to
more modern value for the the near-IR extinction law (as
compared to Aλ ∝ λ−1.7; Mathis 1990), and will affect to
the classification of the WR star and its distance estimate.
We estimate the KS-band magnitude 11.5 mag from the
average flux density. This is in line with the 2MASS value
of 11.6 mag, and value derived in McCollough et al. (2010):
11.4–11.7 mag, which was based on a multi-year monitor-
ing data from PAIRITEL (The Peters Automated Infrared
Imaging Telescope; Bloom et al. 2006). The distance to Cyg
X–3 is somewhat uncertain. McCollough et al. (2016) de-
rive two probable distances of 7.4±1.1 kpc or 10.2±1.2 kpc,
the former being slightly preferred (62% probability). Using
these inferred distances, AK , and the apparent K-band mag-
nitude range from above, the absolute K-band magnitude is
then MKS = −4.2±0.4 or MKS = −4.9±0.3, respectively.
Depending on the distance, this range indicates a weak-lined
WN5, or weak-lined WN6/broad-lined WN4–5 as the WR
sub-type (Rosslowe & Crowther 2015). However, as consid-
erable scatter exists in the absolute magnitude estimates,
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Figure 1. The 1.0–2.4 µm Cyg X–3 spectrum as measured on
16 June 2015 taken during X-ray phase φ = 0.5 with redden-
ing (upper panel) and de-reddened (lower panel) using Stead &
Hoare extinction law with AK=1.44. The dashed line in the lower
panel is the spectral energy distribution (Fλ ∝ λβ) from one of
the representative non-LTE atmosphere models (WNL 08-13; see
Section 3.4) with an index β = −3.0. The obvious discrepancy in
the emission line fluxes is discussed in detail in Section 3.4
as well as in the calibration values of WN spectral types
in Rosslowe & Crowther (2015), the classification based on
the absolute K-band magnitude is not robust (more detailed
estimate follows in Section 3.3).
To study the line spectrum, we de-reddened the mean
spectrum spanning the X-ray orbital phases φ = 0.4–0.5,
which shows the highest equivalent widths of the emission
lines, and subtracted a power law from the spectrum. Fig.
2 shows the resulting observed line spectrum from 1.0–2.4
µm. The line spectrum is similar to what have been ob-
served in earlier works. It is dominated by ionized helium
lines throughout the spectrum. In addition, there are strong,
highly-ionized nitrogen lines at 1.55 µm (N V 10–9) and 2.10
µm (N V 11–10) as identified already in Fender et al. (1999),
and we find weaker ones at 1.11 µm (N V 9–8) and 1.19 µm
(N V 12–10). Possibly, a lower ionization nitrogen line at
2.12 µm (N III 8–7) is present, but it is likely blended with
the He I 4s1S – 3p1P0 line (van Kerkwijk et al. 1996; Fender
et al. 1999). We identify also ionized carbon lines at 2.43 µm
(a blend of C IV 13–11 and C IV 10–9), 2.28 µm (C IV 15–
12) and possibly at 1.74 µm (C IV 9–8), but which is blended
with He II 20–8 line. As previous K-band observations have
c© 2014 RAS, MNRAS 000, 1–16
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Figure 2. The 1.0–2.4 µm, rectified line spectra of Cyg X–3 from X-ray orbital phases φ = 0.4–0.5 with line identifications. The individual
spectra are plotted in grey lines, and their average in black. The tick marks represent the locations of lines from Paschen and Brackett
series. The spectrum is shifted to the rest frame of the helium lines.
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shown, occasionally the spectrum displays very strong 2.06
µm He I 2p1P0 – 2s1S emission line that is present at times
when the source is in outburst (van Kerkwijk et al. 1996;
Fender et al. 1999). At other times it shows much weaker
emission and/or absorption component, as is the case in our
observations. In addition, the 1.08 µm He I 2p3P0 – 2s3S line
as identified in the I-band observations (van Kerkwijk et al.
1996), is present in our spectra. There are some indications
of hydrogen lines from Brackett series in the H-band, but if
present their equivalent widths are fairly weak.
3.2 Line profile
The line profile changes noticeably with orbital phase, as
previously noted by van Kerkwijk et al. (1996), Schmutz
et al. (1996) and Fender et al. (1999). Fig. 3 shows the line
profile of He II 10-7 line at 2.189 µm with a given X-ray
phase (note that the line profiles for different X-ray phases
have been taken from different observations). This is the
same line that was presented in Schmutz et al. (1996), and
shows similar line profile with several components. Thus, we
can infer that the shape of the line profile is most likely con-
nected to the system geometry and not to any stochastic
process, like sudden increases in the wind density in an out-
burst or a clump in the wind (although clumps probably
play a role, as consecutive days show some differences in the
line profile). The emission line seems to be composed of sev-
eral components at different velocities. However, the base of
the line is broad and does not seem to change with phase.
Most of the lines that are resolved enough present similar
structure.
The most prominent component in the line profile is the
red peak around 500 km/s. The equivalent width, and the
radial velocity of the red peak changes with the X-ray phase,
being strongest/most redshifted at phase φ ∼0.5 and weak-
est/least redshifted at phase φ ∼0.0. The red peak does not
seem to fade away completely in any phase. The blue peak
around −500 km/s does not become as strong as the red
peak, likely arising from an asymmetry in the wind, and/or
from constant blue-shifted absorption. There is another peak
bluewards around −1200 km/s, prominently seen at X-ray
phase φ = 0.1–0.2. Similarly, there seems to be a counter-
part on the redshifted side at the same velocity. However,
it seems more likely that the blue/red peak are split in two
because of absorption at ∼ ±1000 km/s.
The 2.06 µm absorption line that was used to infer the
orbital modulation of the companion star in Hanson et al.
(2000), could be a part of a more complicated absorption
profile. Like in the He II emission line profile, the He I ab-
sorption consist of several absorption components at differ-
ent velocities (Fig. 4). The strongest component is blueshif-
ted by ∼700 km/s and is prominent and narrow (FWHM
∼400 km/s) at X-ray phases around φ = 0. However, it
changes to shallow and wide (FWHM ∼1000 km/s) line
when the X-ray phase is around φ = 0.5. Likely, this is be-
cause of Hatchett & McCray effect (Hatchett & McCray
1977), when the X-ray illuminated gas is too ionized to ab-
sorb line photons, that are then free to propagate. There
are also two redshifted components at velocities ∼1000 km/s
and ∼2250 km/s. Alternatively, these could be blueshifted
absorption lines from C IV 3p–3d triplet at 2.071, 2.080 and
2.084 µm.
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Figure 3. The line profile of 2.189 µm He II 10–7 emission line for
different X-ray orbital phases (φ). The profiles have been shifted
vertically for clarity.
Some of the emission lines show P Cygni profiles, most
notably He I 2p–2s at 1.08 µm and He II 9–6. The absorption
component of the He I line at 1.08 µm and 2.06 µm have
been successfully used to determine the terminal velocity
(Howarth & Schmutz 1992; Eenens & Williams 1994). We
measure the blueshift of the 1.08 µm He I absorption com-
ponent as ∼1000 km/s. The velocity of the line does not
vary much over the orbit. In addition, the blue edge for the
2.06 µm He I absorption line is ∼1000 km/s (see Fig. 4, and
text above), therefore the terminal velocity is likely lower
than 1500 km/s as derived in van Kerkwijk et al. (1996),
and closer to 1000 km/s.
c© 2014 RAS, MNRAS 000, 1–16
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Figure 4. The line profile of the absorption complex around 2.058
µm (He I 2p–2s) for different X-ray orbital phases (φ). The profiles
have been shifted vertically for clarity.
3.3 WR-type and luminosity of the companion
star
Previously, the companion star has been estimated to be a
WR star (WN7; van Kerkwijk et al. 1996), based on the
near-infrared lines as the optical is heavily absorbed. There
are several criteria suggested in the literature for sub-type
classification of WR stars. Figer et al. (1997) and Crowther
et al. (2006) suggest equivalent width ratios of He II 2.189
µm and He II 2.165 µm as a good discriminator. The value
for the ratio for Cyg X–3 is ∼1.6, which corresponds to WR
sub-type < WN7. Figer et al. (1997) consider also the equi-
valent width ratio of He II 2.189 µm and He I 4s–3p 2.112
µm, which is ∼4 for Cyg X–3, corresponding to WR sub-
types WN 4–6. However, we note that the He I 4s–3p 2.112
µm line could be blended with the N III 8–7 line and as such
can affect to the line ratio estimate. In addition, Crowther
et al. (2006) suggest an additional diagnostic of the equival-
ent ratio of He II 1.012 µm and He I 2p–2s 1.083 µm, which
is ∼4.3 for Cyg X–3, indicative of a subtype WN 4–5. The
above-mentioned equivalent width ratios for Cyg X–3 can
be found in Table A2. Furthermore, WN stars are divided
to broad-lined or weak-lined stars depending on the FWHM
of the emission lines of He II 1.012 µm and He II 2.189 µm
(Crowther et al. 2006). The corresponding values for Cyg
X–3 range from 40 A˚ to 80 A˚ for He II 1.012 µm, and from
∼60 A˚ to ∼110 A˚ for He II 2.189 µm, indicating a weak-
lined star. Thus, based on the above criteria, the most likely
sub-types for the WR star in Cyg X–3 are WN 4–6. This is
also in line with the K-band absolute magnitude estimates of
WN4–6 stars (Rosslowe & Crowther 2015, see Section 3.1).
The stellar luminosity for WN 4–6 subtypes is estimated
to be log (L/L) = 5.2–5.3 (Crowther 2007). We estimate
the luminosity of the WR star as log L/L = −0.4(Mv +
BCv−MBol), where MBol is the solar bolometric luminosity
taken to be 4.74 (Bessell et al. 1998), BCv is the bolometric
correction estimated to range from −4.1 to −4.2 for WN6
stars (Nugis & Lamers 2000; Crowther et al. 2006), and Mv
is the narrow-band absolute visual magnitude (Smith 1968)
estimated to relate to the absolute K-band magnitude as
Mv−MKS = −0.2 (Crowther et al. 2006). The narrow-band
magnitude is related to the Johnson system as Mv −MV =
0.1 (Lundstrom & Stenholm 1984). Taking absolute K-band
magnitude from Section 3.1 we derive L/L = 5.32 ± 0.16
for a distance of 7.4 kpc, and L/L = 5.59 ± 0.12 for a
distance of 10.2 kpc, where the errors include uncertainty in
the K-band magnitude and distance. Thus, the luminosity
for the closer distance estimate is consistent with the WN
4–6 subtype population.
3.4 Modeling the spectrum with WR atmosphere
models
To derive further estimates for the stellar parameters we
compare the mean observed spectra from X-ray phases φ =
0.4–0.5 (Fig. 2) to the non-LTE atmosphere models of WR
stars by Gra¨fener et al. (2002); Hamann & Gra¨fener (2003,
2004); Todt et al. (2015). Using the WR-type estimate from
above, we consider the possibility that the WR star can be
an early-type (WN4 to WN6) or a late-type (WN6) star, and
therefore we use both the WNE model grid and the WNL
model grid (containing 20% of hydrogen) with the galactic
metallicity from the PoWR website2. The WNE and WNL
model grids have similar parameters for the stellar wind with
a fixed clumping factor, D = 4, and luminosity, log L/L =
5.3, that are typical values for WN-type stars (Hamann et al.
1995; Hamann & Koesterke 1998). The clumping factor of
the WR wind in Cyg X–3 has been estimated to be D=3.3–
14.3 based on X-ray modeling of the stellar wind (Szostek
& Zdziarski 2008). Thus, the model clumping factor is con-
sistent, albeit on the low-side of the probable range. The
model grids differ in the terminal velocity which is fixed to
v∞ = 1600 km/s and v∞ = 1000 km/s in the WNE and
2 http://www.astro.physik.uni-potsdam.de/ wrh/PoWR/powrgrid1.php
c© 2014 RAS, MNRAS 000, 1–16
IR spectroscopy of Cyg X–3 7
1.00 1.05 1.10 1.15 1.20 1.25 1.30
1.0
1.2
1.4
1.6
1.8
2.0
2.2
He
 II
 7-
5
He
 II
 14
-6
He
 II
 13
-6
He
 II
 12
-6
He
 II
 11
-6
He
 II
 10
-6
He
 II
 21
-7
He
 II
 20
-7
He
 II
 19
-7
He
 II
 18
-7
N 
V 
9-8
N 
V 
12
-10
He
 I 2
p-2
s
He
 II
 5-
4
5-36-37-3
No
rm
ali
ze
d f
lux
1.01 1.02
1.0
1.5
2.0
He
 II
 5-
4
1.50 1.55 1.60 1.65 1.70 1.75
0.95
1.00
1.05
1.10
1.15
1.20
1.25
1.30
He
 I 4
p-3
s
He
 II
 14
-7
He
 II
 13
-7
He
 II
 12
-7
He
 II
 25
-8
He
 II
 24
-8
He
 II
 23
-8
He
 II
 22
-8
He
 II
 21
-8
He
 II
 20
-8
He
 II
 19
-8
N 
V 
3p
-3d
N 
V 
3p
-3d
N 
V 
10
-9
C 
IV
 9-
8
He
 II
 9-
6
10
-4
11
-4
12
-4
13
-4
14
-4
15
-4
16
-4
17
-4
18
-4
19
-4
20
-4
21
-4
1.08
0.6
0.8
1.0
1.2
1.4
1.6
He
 I 2
p-2
s
2.05 2.10 2.15 2.20 2.25 2.30 2.35 2.40
0.95
1.00
1.05
1.10
1.15
1.20
He
 I 2
p-2
s
He
 I 4
s-3
p
He
 II
 15
-8
He
 II
 23
-9
He
 II
 22
-9
He
 II
 21
-9
He
 II
 20
-9
He
 II
 19
-9
N 
III
 8-
7
N 
V 
11
-10
C 
IV
 15
-12
C 
IV
 13
-11
C 
IV
 10
-9
C 
IV
 3p
-3d
C 
IV
 3p
-3d
He
 II
 14
-8
He
 II
 10
-7
He
 II
 13
-8
2.11 2.12 2.13
1.00
1.02
1.04
1.06
1.08
He
 I 4
p-3
s
WNL: 07-11
WNL: 08-13
WNL: 09-14
WNL: 10-15
WNL: 11-17
WNL: 12-18
WNL: 13-19
WNE: 06-10
WNE: 07-12
Wavelength [μm]
No
rm
ali
ze
d f
lux
Figure 5. Left panels show the normalized, average line spectrum from Fig. 2 (black line), overplotted with the most representative
model iterations discussed in the text, and tabulated in Table 1 (coloured lines, solid for WNL grid models and dashed for WNE grid
models). The spectrum is shifted to the rest frame of the helium lines. The models differ in transformed radii and are scaled to match
the emission line fluxes of the average spectrum to account for the two-temperature wind (see Table 1 and legend in the bottom right
panel for the corresponding model identifier). Right panels show three zoomed-in sections from the line spectrum to highlight differences
in the line regions of He II 5–4 1.012 µm (top), He I 2p–2s 1.083 µm (middle) and He I 4p–3s 2.112 µm (bottom), important in deriving
the ionization balance, and subsequently the parameters of the stellar wind.
WNL grids, respectively. Corresponding to the values de-
rived from the He I P Cygni absorption components in Sec-
tion 3.2, the terminal velocity is closer to v∞ = 1000 km/s,
and thus the WNE model spectra have slightly wider lines
and more blueshifted absorption lines, but we do not dis-
regard the WNE grid models based on the higher terminal
velocity.
The grid for the different models is based on two para-
meters that defines the line spectra: the “transformed ra-
dius”,
Rt = R∗
[
v∞
2500 km s−1
/
M˙
√
D
10−4 M yr−1
]2/3
, (1)
where R∗ is the “stellar radius” (at the radial Rosseland
continuum optical depth of 20), and M˙ is the mass-loss rate,
and the stellar temperature, T∗, that is connected to the
stellar radius and luminosity via Stefan-Boltzmann law L =
4piσR2∗T
4
∗ .
To find a suitable grid model, we began by searching
the grids for those models that produce the same equivalent
width ratios of adjacent ionization stages of helium than
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found in the observations (He II 2.189 µm / He I 4s–3p 2.112
µm and He II 1.012 µm / He I 2p–2s 1.083 µm, see above
and Table A2). This search resulted in those grid models
that have effective temperatures of T2/3 ∼40-50 kK (located
at the radial Rosseland continuum optical depth of 2/3).
Note that in the model grid the temperature is defined at
the radial Rosseland continuum optical depth of 20, i.e. the
stellar temperature, and thus differs from T2/3 for denser
winds. In addition, the grid models for the very dense winds
occur in a degenerate parameter space defined only by the
product of the transformed radius and the square of the
stellar temperature (Hamann & Gra¨fener 2004) and thus
hotter but smaller WR stars than considered in the model
grids can produce similar spectra.
The transformed radius is mostly connected to the line
equivalent widths, so that the grid models with the same
stellar temperature differ only by their line equivalent widths
(Schmutz et al. 1989). Thus, to find a suitable transformed
radius we continue by systematically comparing the mean
spectrum to all grid models with T2/3 ∼40-50 kK in the
WNE and WNL grids, but failed to find a representative
one to produce the observed He I and He II emission lines.
Either the emission lines were too narrow, or over-predicted
the lines by a wide margin (see Fig. 1). Especially difficult
was to reproduce the correct amount of flux in the He I lines
at the same time as for the He II lines. We also checked
whether relaxing the temperature requirement would result
in acceptable model spectra, but for lower temperatures the
grid models show strong absorption lines associated with the
He II lines and too narrow line profiles as compared to the
observed spectra, and for higher temperatures the He I / He
II ratio of the grid models was unacceptable. In addition,
the models cannot account for the highly-ionized nitrogen
and carbon lines observed in the data, but these might arise
from the different photoionization regimes as caused by the
intense X-ray radiation emitted by the compact object as
discussed in Section 4.2.
Motivated by the two-temperature model of the stellar
wind by van Kerkwijk et al. (1996), where most of the line
emission takes place in the cool wind behind the WR star
that is not irradiated by the intense X-ray emission from
the compact object resulting in reduced emission line fluxes
as compared to normal WR star atmosphere, we consider
modifying the grid model spectra in a simple, qualitative
way. Due to the spherical symmetry of the PoWR atmo-
sphere models, we consider that rendering a portion of the
atmosphere incapable of forming a line-driven wind by X-ray
overionization can be approximated with reducing emission
line fluxes by some factor, i.e. the line-driven wind is con-
fined to a cone of some opening angle with the WR star
at its vertex. We do not expect the infrared continuum to
depend strongly on the X-ray heating, as while the heated
part will be less opaque it will emit approximately the same
amount of infrared emission as if it would be cool, since its
smaller effective emitting area is compensated by its higher
temperature. We stress that the line scaling is a very crude
approximation of the physical scenario, but necessary to find
representative grid model spectra to match the observed
spectra. We discuss more about the motivation for the line
scaling and possible effects on the value of scaling in Section
4.1. van Kerkwijk et al. (1996) estimate that the emission
line fluxes are reduced by a factor of a few to account for
this effect, and thus we study iteratively whether reducing
the emission line fluxes of individual grid models by a given
factor will result in a better comparison.
By scaling the emission lines of the grid models by a
factor ranging from 2.5–4.5, we are able to find represent-
ative models from both WNE and WNL grids for the mean
spectrum shown in Fig. 5 with correct ratios for the He
I and He II lines. The corresponding model parameters of
these models are shown in Table 1. Due to the scaling in-
variance of the PoWR grid models to different luminosities
as long as the transformed radius and stellar temperature
are unchanged, we find the correct luminosity by scaling the
grid model spectral energy distribution and fitting it to the
observation shown in Fig. 1 (example shown for grid model
7–11 from the WNL grid). The K-band extinction, AK , is
selected so that the spectral slope of the data matches to
that of the model. Subsequently, the stellar radii are scaled
with L1/2 and the mass-loss rate with L3/4 to keep T∗ and
Rt unchanged. While the model grids have constant mass for
the WR star (12 M), we estimate the mass of the WR using
the luminosity-mass relations of Gra¨fener et al. (2011) (their
Eq. 13 for the core He-burning case, since WR stars at solar
metallicities most likely do not evolve quasi-homogenously)
resulting in a mass range 8–10 M and 11–14 M for dis-
tances 7.4 kpc and 10.2 kpc, respectively.
The mass-loss rates of the representative grid models
range between a relatively narrow range of M˙ = (0.8−1.1)×
10−5 M yr−1 and M˙ = (1.2 − −1.8) × 10−5 M yr−1 for
the lower and higher distance estimates, respectively. If the
clumping factor is taken to be the one derived in Szostek &
Zdziarski (2008) (D=3.3–14.3) instead of the model value
(D=4), the mass-loss rates are then M˙ = (0.4 − 1.3) ×
10−5 M yr−1 and M˙ = (0.6− 2.0)× 10−5 M yr−1.
3.5 Radial velocities
We measure the systemic velocity, the radial velocity (RV)
semi-amplitude and the FWHM of 22 emission lines iden-
tified in most of the spectra. These include mostly He II
lines (15 different lines), two He I lines (He I 2p–2s and He
I 4s–3p, but which could be blended with N III 8–7), three
N V lines, and two C IV lines. We fit the line profile with
a model consisting of multiple gaussian profiles, depending
on the number of peaks. If the line profile is fit with two or
more gaussians, the line centroid is defined as the weighted
sum of the gaussian fit centroids weighted by their equival-
ent widths and normalised by the sum of their equivalent
widths. After getting the weighted line centroids of all lines,
their radial velocity is computed and phase-folded to the
X-ray phase. The RV curve is then fitted by a sinusoidal
with the corresponding errors calculated by a Monte Carlo
methods to obtain values for the systemic velocity, RV semi-
amplitude and its minimum and maximum phase. Likewise,
the FWHM is calculated from the gaussian fits. If a line pro-
file is fitted with multiple gaussians the FWHM is calculated
through the whole profile.
Despite the spectra being from different dates, the ra-
dial velocities remain more or less constant with X-ray phase
and the observations taken on different dates follow those
taken consecutively (circled points) at 16 June 2015 (see two
examples in Fig. 6). Fig. 8 shows the collection of systemic
velocities, FWHM, RV semi-amplitudes and its minimum
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Table 1. Stellar parameters of the most representative WR atmosphere models to the Cyg X-3 IR spectra. In the calculations we have
used a clumping factor D = 4. The columns are: (1) the PoWR grid model identifier, (2) the model atmosphere temperature at τ=20
(stellar temperature), (3) the model transformed radius, (4) the model atmosphere temperature at τ=2/3, (5) the model atmosphere
radius at τ=2/3, (6) the model stellar luminosity at distances 7.4/10.2 kpc scaled to match the data, (7) the model stellar radius scaled
with the luminosity, (8) the model wind mass-loss rate scaled with the luminosity, (9) the model wind terminal velocity, (10) the mass
of the WR star calculated from the luminosity using relations of Gra¨fener et al. (2011) (the value in the model is fixed to 12 M),
(11) the scaling factor used to scale the emission line fluxes (12) the spectral slope of the model spectral energy distribution, (13) the
K-band extinction needed to match the spectral slope of the data to that of the model, and (14) the hydrogen mass fraction of the model
atmospheres.
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)
Grid T∗ log Rt T2/3 R2/3 log L R∗ log M˙ v∞ M f α AK XH
model [kK] [R] [kK] [R] [L] [R] [M/yr] [km/s] [M]
WNL:
07–11 50.1 1.0 45.5 7.2 5.15/5.43 5.0/6.9 -5.15/-4.94 1000 10/14 3.0 -3.1 1.47 0.2
08–13 56.2 0.8 44.7 7.5 5.05/5.34 3.5/4.9 -5.08/-4.86 1000 9/13 3.5 -3.0 1.44 0.2
09–14 63.1 0.7 47.2 6.7 5.08/5.36 2.9/4.0 -5.06/-4.85 1000 9/13 4.0 -2.96 1.43 0.2
10–15 70.8 0.6 49.3 6.1 5.08/5.36 2.3/3.2 -5.06/-4.84 1000 9/13 4.0 -2.9 1.41 0.2
11–17 79.4 0.4 43.6 7.8 4.94/5.22 1.6/2.2 -4.99/-4.79 1000 8/11 4.5 -2.9 1.41 0.2
12–18 89.1 0.3 44.6 7.5 4.94/5.22 1.2/1.7 -5.03/-4.80 1000 8/11 4.5 -2.9 1.40 0.2
13–19 100 0.2 44.9 7.4 4.96/5.24 1.0/1.4 -5.00/-4.78 1000 8/11 4.5 -2.8 1.39 0.2
WNE:
06–10 44.7 1.1 42.6 8.2 5.15/5.43 6.3/8.7 -4.95/-4.74 1600 10/14 2.5 -2.9 1.50 –
07–12 50.1 0.9 43.8 7.8 5.08/5.36 3.8/5.3 -4.98/-4.76 1600 9/13 3.0 -3.1 1.46 –
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Figure 6. Radial velocity curves for two emission lines (left : He II 10-7, right : HeI 2p–2s). Blue squares correspond to spectra where the
line is fitted with three gaussian profiles, red points with two gaussian profiles, and black points with one gaussian profile. The final radial
velocity is determined as a weighted sum of the gaussian centroids. Encircled points correspond to the longest consecutive set of spectra
taken on 16 June 2015. Radial velocity curves are fitted with a sinusoidal function with systemic velocity, radial velocity semi-amplitude,
and its minimum and maximum X-ray phase marked in each panel. The grey bands correspond to the 1σ, 2σ and 3σ errors on the fit.
and maximum phases of all the emission lines mentioned
above. The systemic velocities agree with previous work by
Hanson et al. (2000): negative for N V and positive for He
II emission lines. The mean systemic velocity for the He I
/ He II / C IV lines is γ = 208+113−127 km/s (He II 11–6/7–5
is not included in the mean due to it being a blend). The
three highly-ionized nitrogen lines, however, have systemic
velocity of γ ∼ −300 km/s, completely different from the
rest of the lines. The radial velocity semi-amplitudes show
some scatter from line to line, but most values cluster around
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Figure 7. Radial velocity curve for an absorption line HeI 2p–2s.
See the Fig. 6 caption for explanation for the colours and labels.
K = 400 km/s (the average value being K¯ = 379+124−149 km/s).
This value is consistent with the one derived from X-ray
emission lines (Vilhu et al. 2009; Zdziarski et al. 2013) and
it points to the infrared radial velocities arising from the or-
bital modulation of the compact object by shifting the loc-
ation of the line-forming X-ray shadow of the stellar wind.
Almost all lines show similar orbital profile in radial velo-
city: a RV minimum around phase φ = 0.05, and a maximum
around φ = 0.55. However, interestingly the He I 2p–2s 1.083
µm line has a different profile with the minimum and max-
imum phase shifted by 0.2 (see also Fig. 6). The FWHM
vary quite a lot from line to line, the average value being
FWHM = 1500±300 km/s. The only exception is again the
He I 2p–2s 1.083 µm line, where the line is narrower with
FWHM ∼ 600 km/s.
4 DISCUSSION
4.1 Caveats of the modeling results
In this section, we outline the major caveats of the spectral
modeling the infrared spectrum of the WR star in Cyg X-
3 with the PoWR atmosphere models, and their impact to
the derived parameters. First, the assumption of the spher-
ical atmosphere is most likely not correct. Rather, the wind
is flattened to a more equatorial wind (Fender et al. 1999;
Koljonen et al. 2013) and/or focused towards the compact
object (similar to Cyg X-1). Secondly, the structure and
size of the X-ray ionized region is unknown and the ef-
fect of X-ray irradiation to the stellar wind is unclear, e.g.
the X-ray emission can impair the development of the WR
wind. Therefore, the emission line scaling motivated by the
simple, two-temperature stellar wind model of van Kerkwijk
et al. (1996) is likely only a rough estimate. In addition,
this simplified scenario does not take into account the ef-
fect of clumps in the wind that reduces the X-ray ioniza-
tion (Oskinova et al. 2012), and impact on the size of the
line-forming area. Also, the parameters in the van Kerkwijk
model, such as the temperature difference between the hot
and cool winds, the system inclination and the opening
angle of the cone within which the wind is cool affects to
the amount of the wind that is in the cool stage and sub-
sequently to the line profiles. Thirdly, we assume that the
line scaling applies similarly to all emission lines, and do
not vary between species or ionization stages. Combining
all the above physics to one scaling parameter is a crude
estimation at best of the situation, but necessary in order
to start comparing the WR atmosphere models to the data.
The wind inhomogeneities, the degree of X-ray emission and
the ionization structure are all important factors and needs
to be taken into account in more detailed studies. However,
these would need simulating the X-ray ionization structure
along the binary orbit together with hydrodynamical mod-
eling and radiation transfer in the stellar wind atmosphere.
While these are important issues and merits further studies,
these are out of the scope of this paper.
In addition, we stress that the stellar wind paramet-
ers derived from the most representative models (see Table
1) are an order of magnitude estimates. The mass-loss rate
to the compact object can be severely affected, as the ion-
izing X-ray emission can impair the formation of the stel-
lar wind by weakening or shutting off completely the line-
driving mechanism of the X-ray illuminated hemisphere of
the WR companion (e.g. Krticˇka et al. 2015; Cˇechura & Had-
rava 2015). This results in the decrease of the wind velocity
and subsequently an increase of the mass accretion rate to
the compact object as the Bondi-Hoyle accretion rate is pro-
portional to v−3∞ .
Nevertheless, the mass-loss rates of the grid models are
consistent with previous, independent estimates. Based on
the stellar wind absorption and emission at soft X-rays,
Szostek & Zdziarski (2008) estimated the mass-loss to be
M˙ = (0.6–1.6) ×10−5M yr−1, where the higher end corres-
ponds to heavier compact object masses (∼20 M). Quite
similarly, using X-ray modulation curves, Zdziarski et al.
(2012) found M˙ = (0.8–1.4) ×10−5M yr−1. Waltman et al.
(1996) placed a limit of M˙ 6 10−5M yr−1 from radio flare
peak delay times of frequencies 2.25, 8.3 and 15 GHz. How-
ever, for stellar wind temperatures exceeding 3.5×104 K,
which is probably closer to reality based on the models in
Section 3.3, the limit is raised to M˙ 6 2.7× 10−5M yr−1.
van Kerkwijk (1993) and Ogley et al. (2001) estimated
the mass-loss rate as M˙ = 4 × 10−5M yr−1 and M˙ =
(4− 30)× 10−5M yr−1, respectively, based on the free-free
emission from stellar wind (Wright & Barlow 1975). How-
ever, taking into account the effect of clumping and terminal
velocity, these values should be scaled by a factor of 0.17–
0.36, bringing the values around M˙ = 10−5M yr−1.
4.2 Stellar wind composition
It is clear, that the nitrogen/carbon fraction is enhanced as
compared to the WR spectra of the non-LTE models. The
equivalent widths of the N V recombination lines are more in
line with an WN2–3 class for the WR companion, however,
rest of the line spectra are not. Further clues can be had from
the different values of the systemic velocity, that indicates
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Figure 8. The systemic velocity (left), the radial velocity semi-amplitude (middle/left), FWHM (middle/right), and the minimum and
maximum X-ray phase for the radial velocity semi-amplitude (right) of the 22 emission lines identified in most of the spectra. The grey
points have not been included in the estimation of the average value (dark grey band) and the 1σ error (light grey band).
a different location for the line emission in the WR wind.
The fact that the systemic velocities have been observed to
be approximately the same between observations taken in
∼20 years ago (Hanson et al. 2000 had γ ∼150 km/s for
He II 10–7 and He II 15–8 and γ ∼ −110 km/s for N V
11–10) suggest that turbulent motion is not likely causing
the different systemic velocity of the highly-ionized species.
Most likely because of higher ionization energy, N V and C
IV survive closer to the compact object and are therefore
located in a different region around the system.
Based on the model spectra, and consistent systemic
velocity and radial velocity semi-amplitude values to the He
II lines, we can assume that the He I 2p–2s emission line at
1.083 µm is also produced in the WR wind. The disc contri-
bution is ruled out in van Kerkwijk et al. (1992) and Fender
et al. (1999), and they show that the He I lines have to arise
from a region much larger than the binary separation. Thus,
the quarter phase shift in radial velocity and lower FWHM
as compared to other emission lines is an interesting effect
that also needs explanation. This might arise again from the
ionization structure of the system. Based on hydrodynamical
modelling of the wind accretion by X-ray luminous compact
object, Kallman et al. (2015) showed that the ionization
structure reflects the structure of the gas density, and that
the more dense accretion wake trailing the compact object
could provide a location of lower X-ray ionization (their Fig.
12).
4.3 Stellar wind structure
The IR line phenomenology can be understood with a model
where the ionization structure of the wind is modified by
the intense X-ray emission from the compact object (i.e. the
van Kerkwijk model). The emission lines are formed over a
large volume that surpasses the size of the orbit (see Table
1 showing that the location of the photosphere, R2/3, is fur-
ther out than the orbital separation approximated to be less
than 5 R), thus changes in the line profiles are not caused
by something happening within the orbit. As the compact
object orbits in the WR wind, it photoionizes its surround-
ings according to its Stro¨mgren sphere, thus excavating a
region in the wind where the low-ionized emission line form-
ation is suppressed (and line photons cannot be absorbed).
In the case where a large fraction of the stellar wind is highly
ionized by the X-ray source, the line profile will comprise of
two parts: a weak, broad component from the hot, ionized
wind, and a strong, narrow component from the cold part
of the wind. The latter will move in velocity, as the cold
wind region behind the WR star is moving with the com-
pact object and probes different parts of the wind along the
orbit with different radial velocities. Indeed, as shown in Sec-
tion 3.2, the width of the base of the emission line seems to
stay approximately the same indicating that a weak, broad
emission line component from the hot wind region is present
at all orbital phases. On top of the hot component a nar-
rower and stronger emission line is imprinted from the cold
wind region behind the WR star, changing in radial velocity
through the orbit. The redshifted peak is stronger during
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the inferior conjunction of the compact object (X-ray phase
0.5), as the X-ray ionized wind is incapable of absorbing
the line photons, while during superior conjunction (X-ray
phase 0.0) the cold wind is partly self-absorbed.
Another possibility is that a shock will form around the
compact object as it plows through the WR stellar wind
(either due to accretion disc/WR wind, or accretion disc
wind/WR wind interface), reminiscent of a wind-wind colli-
sion scenario (e.g. Stevens & Howarth 1999). The post-shock
gas is too hot for the low-ionized emission lines to form, and
thus a conical region behind the compact object is excav-
ated. This has the same effect as above; removal of most
of the blueshifted emission at X-ray phase 0.5, and likewise
for redshifted emission at X-ray phase 0.0. The slight shift
of the minimum/maximum RV phase to 0.05/0.55 could be
explained by the modulation of the shock cone geometry.
In addition, the complicated line profile with several velo-
city components could arise from the brighter emission in
the shock in the heading and trailing side similar to what is
observed from wind-wind binaries.
The line profile could be affected by absorption as well.
Multiple velocity components seen in the line profile (Figs.
3, 4) can be explained by absorption components at differ-
ent velocities. On top of the above-mentioned line profile
changes due to the X-ray ionization, the red and blue peaks
seem to be modified by absorption close to±1000 km/s. This
value coincides with the terminal velocity estimate, and in-
dicates that the line photons are absorbed in the wind. The
absorption is stronger around X-ray phase 0.0 (where the
blue peak is also stronger) and weakest at X-ray phase 0.5
(where the red peak is stronger). This is most likely due to
Hatchett & McCray effect. Thus, the varying line emission
region and the amount of absorption, that are both depend-
ent on the X-ray phase, define the line profile. All the lines
seem to be absorbed somewhat similarly. However, there
seems to be differences in the amount of absorption in the
observations from different days, indicating a modification
of the spectra by clumps (see Fig. 3). As He I 2p–2s 2.058 µm
is not emitted, it presents only the absorption profile. We
tracked the RV semi-amplitude of the absorption line of He
I 2p–2s 2.058 µm (Fig. 7), and found out that the maximum
redshift is occurring at the same X-ray phase as for the He
II lines. Thus, we cannot reproduce the results of Hanson
et al. (2000), where they found that the maximum redshift
occurs at X-ray phase 0.2, and cannot assign the He I 2p–2s
2.058 µm absorption to the WR star. It is more likely that
the absorption is taking place in an optically thick region of
the stellar wind.
4.4 Orbital parameters and the masses of the
binary
Estimating the orbital parameters based on the radial velo-
cities from the IR lines in Cyg X–3 is problematic. Essen-
tially, we are seeing the line forming regions at the distance
where the WR star wind becomes optically thin and where
they are not ionized by the intense X-ray emission. Thus
the velocity distribution reflects primarily that of the stellar
wind, rather than that from the motion of the star. Using the
same absorption line as in Hanson et al. (2000), we could not
attribute it to the absorption of the companion star. In addi-
tion, Hanson et al. (2000) used the spectra from an outburst
state, when Cyg X–3 displayed very strong and variable He
I 2p–2s 2.058 µm line (Fender et al. 1999). Thus, the absorp-
tion line is located in between the variable, double-peaked
structure of the emission line. Therefore, any variations in
the peaks of the line, that reflect the ionization structure of
the stellar wind, will affect the radial velocity estimate of
the absorption line. This places the radial velocity measure-
ment of the WR star in doubt, and this should be verified
in the future with detailed IR spectroscopy spanning several
orbits of Cyg X–3.
Consequently, this leaves the mass estimates for the bin-
ary components uncertain. For the mass of the WR star, we
can derive estimates based on theoretical mass-luminosity
relations of WR stars by Gra¨fener et al. (2011), tabulated
in Table 1 and corresponding to a range: MWR = 8–14
M, taking into account both distance estimates. Zdziarski
et al. (2013) used the empirical luminosity/mass-loss rate
relation of Nugis & Lamers (2000) to estimate the mass of
the WR star in Cyg X-3. Using this relation (Eq. 6 in Zdzi-
arski et al. 2013), we arrive to a similar range of MWR =
8–15 M, assuming that the clumping-corrected mass-loss
rate estimate reasonably reflects the value derived in Section
3.4, M˙ = (0.4− 2.0)× 10−5M yr−1 (but, to which we have
mentioned caveats in Section 4.1).
Based on the large, positive P/P˙ value, and the short
orbital period, it is rather unlikely that Cyg X-3 would be a
Roche-Lobe overflow (RLOF) system. The system paramet-
ers would be quite restricted for this scenario and require
small mass for the companion star (< 7M; Lommen et al.
2005), that is though borderline with our lower estimate.
However, the population synthesis for RLOF WR+BH bin-
aries with such a light companion showed that they traverse
the P/P˙ value measured for Cyg X-3 in ∼ 102 yr, and thus
the probability of finding one is negligible (Lommen et al.
2005). Therefore, it is reasonable to assume that the binary
is detached, and accretes through the stellar wind, either
by direct capture (Ergma & Yungelson 1998) or through
focused wind (Friend & Castor 1982).
This raises concerns about the model stellar radii of the
WR star (see Table 1), that should not exceed the Roche
radius (1.3–2.1 R for WR masses 8–14 M, and compact
object masses 1.4–30 M), or as a matter of fact, the orbital
separation either (∼ 3−5R). The latter requirement would
directly exclude the WNE grid models, with the exception of
the grid model 07-12 for a source distance of 7.4 kpc, and one
of the WNL grid models. The former would allow only grid
models 11-17, 12-18 and 13-19 from the WNL grid. Since
these grid models are characterized by very dense winds and
lie in the degenerate parameter space defined only by the
product of the transformed radius and the square of the
stellar temperature (Hamann & Gra¨fener 2004), models with
higher stellar temperatures but smaller radii are most likely
also consistent with the observations.
The total mass of the binary can be estimated from
the slowing down of the binary orbit (Davidsen & Ostriker
1974; Ergma & Yungelson 1998; Zdziarski et al. 2013), with
the premise that the binary is detached (see above), and
disregarding any effects from tidal interaction (see e.g. Bagot
1996):
MWR +MC ' 2M˙P
P˙
' 190M M˙
10−4M yr−1
, (2)
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corresponding to ' 8 – 38 M for the above mass-loss
rate. This assumes that all the specific angular momentum
of the donor is removed by the stellar wind, and only a tiny
fraction (.0.01) is accreted onto the compact object. How-
ever, if a larger fraction is accreted onto the compact object,
e.g. in a focused wind scenario, and re-ejected by forms of
accretion wind or jet carrying away the specific orbital angu-
lar momentum of the compact object, the situation is more
complex and the equation of the period derivative can be
expressed as (Lommen et al. 2005):
P˙
P
=
M˙
MWRMC(MWR +MC)
×
[(
3M2C − 2MCMWR − 3M2WR
)
α
− 2MCMWRβ + 3M2WR − 3M2C
]
,
(3)
where α is the fraction of the mass lost directly from the
system via the stellar wind, and β is the fraction of the mass
accreted by the compact object and re-ejected via accretion
wind or jet. In Fig. 9, we plot the allowed mass ranges for
different values of α and assume that β = 1-α (in reality
part of the accreted matter can be advected into a black
hole, but we find that allowing this alters the results only a
tiny fraction), P˙ /P = (1.01 − 1.05) × 10−6 yr−1 (Zdziarski
et al. 2013) and M˙ = (0.4−2.0)×10−5M yr−1. Estimating
β is tricky, but an order of magnitude estimate can be had
by assuming that the part of an isotropic wind flowing past
the accretion radius of the compact object, racc, is accreted:
M˙acc ≈ pir
2
acc
4pia2
M˙, (4)
where racc ≈ 2GMCv−2rel, v2rel = v2∞ + v2orb, and a =
[P 2G(MWR +MC)/4pi
2]1/3. Thus,
M˙acc ≈ 0.0176×M2Cv−4rel,1000P−4/34.8 (MWR +MC)−2/3M˙,
(5)
where the masses are in solar units, velocity in units
of 1000 km/s and period in units of 4.8 hours. Redefining
α = (1−β) and β = M˙acc/M˙ , and limiting β < 0.25, corres-
ponding the case where racc < a, we arrive to Fig. 10 for the
allowed masses with three different, relative wind velocities
(1000 km/s, 800 km/s, and 700 km/s) at the location of the
compact object. We note that Eq. 5 is very sensitive to the
relative wind velocity value at the location of the compact
object, as can be seen from Fig. 10. As the compact object
orbits very close to the WR star, the wind velocity might
not have reached the terminal velocity at the location of the
compact object, especially if the accretion radius is large,
which is directly proportional to the mass of the compact
object. Based on the velocity field assumed by the PoWR
model atmospheres, the stellar wind velocity reaches 700–
800 km/s at the location of the compact object, but could
be even lower due to the wind inhibition by the X-ray irradi-
ation as discussed in Section 4.1. Based on the radial velocity
semi-amplitudes of the infrared lines derived in Section 3.5
and X-ray lines in Vilhu et al. (2009); Zdziarski et al. (2013),
the observed orbital velocity is ∼400 km/s. Since the orbital
solution is unclear, the inclination of the orbit remains un-
certain. In any case, it takes most likely a value between
Figure 9. The allowed masses of the compact object and the
WR star in Cyg X-3 using Eqs. 2 and 3. The dashed lines de-
lineate a region where α = 1, i.e. only a tiny fraction (.0.01) of
the stellar wind is accreted. The shaded areas show the excluded
regions with decreasing values of α. The horizontal dotted line
mark the maximum mass of a neutron star, and vertical dotted
lines delineate the region of the stellar masses derived from the
luminosities of the grid models shown in Table 1.
30◦ and 70◦ in order to produce orbital modulation and the
lack of orbital dips in the infrared and X-ray lightcurves.
Thus, the orbital velocity is then 300–750 km/s, and the re-
lative wind velocity at the location of the compact object
750–1000 km/s. Therefore, the compact object is not very
heavy, < 10M, and likely the mass is even lower, . 5M,
for a moderate relative wind velocity.
5 CONCLUSIONS
In this paper, we have studied the near-infrared spectra of
Cyg X–3 during a hard X-ray state. We have confirmed the
earlier results that the type of the companion is most likely
a WR star. We have found that the 1.0–2.4 µm spectrum is
a representative of a type WN4–6 based on several classific-
ation criteria, but the equivalent widths of the emission lines
are unusually weak. We were able to produce similar model
spectra to the data using the non-LTE atmosphere model
of WR stars by Gra¨fener et al. (2002); Hamann & Gra¨fener
(2003, 2004); Todt et al. (2015), assuming that the line form-
ing area is much smaller than the full wind. This scenario
was motivated by the van Kerkwijk model (van Kerkwijk
et al. 1996), where the X-ray emission from the compact ob-
ject ionizes the stellar wind preventing the line formation in
the wind, excluding a region behind the WR star where a
normal line-driven wind can be launched. However, the mod-
els failed to produce the amount of highly-ionized nitrogen
and carbon in the spectra, which most likely is due to the
complicated ionization structure in the stellar wind. Based
c© 2014 RAS, MNRAS 000, 1–16
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Figure 10. The allowed masses of the compact object and the
WR star in Cyg X-3 using Eq. 5 to estimate the amount of wind
accreted by the compact object. The shaded areas show the ex-
cluded regions with decreasing values of vrel.
on the most representative atmosphere models, we estimate
the mass-loss rate to be M˙ = 0.4 − 2.0 × 10−5 M yr−1,
including a reasonable range for the clumping factor, dis-
tance, and find that it is consistent with independent es-
timates derived previously using other wavelengths (radio,
X-rays). We have found that scaling the atmosphere mod-
els to the observed spectra requires model luminosities log
LWR/L = 5.0 − 5.4, depending on the distance to the
source, that are representative of WN4–6 stars, and that
all the infrared flux can be attributed to the WR star
with power law indices of the spectral energy distribution
(Fλ ∝ λβ) ranging from -2.9 to -3.1 using the K-band ex-
tinction AK = 1.4 − 1.5. Based on the luminosity-mass re-
lation of Gra¨fener et al. (2011) this corresponds to masses
8–14 M for the WR star.
Taking into account the large, positive binary orbital
period derivative of Cyg X-3, and the tight 4.8-hour orbit,
we have placed limits on the possible mass of the com-
pact object that is less than ∼ 10M, and likely even
lower, . 5M. However, we cannot rule out a neutron star
as a compact object. In addition, as the compact object
likely does not accrete via RLOF (Lommen et al. 2005),
the WR star hydrostatic radius cannot exceed the Roche
radius, and subsequently places restrictions to the atmo-
sphere models. Thus, it is likely that the WR star in Cyg
X-3 is hot (>80 kK) with small radius (<2 R). Its lumin-
osity is LWR/L = 5.0 or 5.2, the mass is 8 or 11 M,
and the mass-loss rate is M˙ = 0.5 − 1.1 × 10−5 M yr−1
or M˙ = 0.8 − 1.8 × 10−5 M yr−1 taking into account a
probable range for the clumping factor for distances 7.4 kpc
or 10.2 kpc, respectively.
We reinforce the earlier results, that most of the line
formation is taking place at the X-ray shadow, outside the
Stro¨mgren sphere of the ionizing X-ray source. The emission
lines are likely formed over a large volume that surpasses
the binary orbit. In accordance with the previous results,
we find that the systemic velocities of the He II lines and N
V lines differ from each other. We argue that this is not due
to turbulence, but rather caused by a more stable structure
such as a shock or an accretion wake around the compact
object that changes the ionization structure in the wind. De-
tailed ionization structure of the wind, and the locations of
the emission line regions could be probed by Doppler tomo-
graphy using high spectral resolution observations spanning
the whole orbit in the future.
Although the spectra displayed the He I 2p–2s 2.058
µm absorption line that was used in Hanson et al. (2000) to
derive the mass function, we were unable to attribute it to
the absorption by the WR star. Rather, the line properties
indicate absorption in the wind. In addition, we discussed
that the absorption line, as observed during an outburst in
the data used by Hanson et al. (2000), is located between
the highly variable, double-peaked structure of the emission
component, that most likely affects the radial velocity estim-
ates. This leaves the published mass function of Cyg X–3 not
reliable.
Recently, we have started to tap into the collective
sample of WR/black hole binaries, by observing similar
sources to Cyg X–3 from other, nearby galaxies, such as
in IC 10 and NGC 300. IC 10 X–1 displays similar radial
velocity modulation of an He II line with the X-ray phase
as the He II lines in Cyg X–3 indicating its origin in the X-
ray shadow (Laycock et al. 2015). Interestingly, in NGC 300
X–1 the radial velocity of an He II line is shifted by 0.5 in
phase, possibly indicating highly focussed stellar wind fall-
ing in towards the compact object (Binder et al. 2015). In
addition to searching and observing more WR/black hole
candidates, detailed observations of the WR stellar wind
in Cyg X–3 are important to measure the wind properties
along the binary orbit, and subsequently measure the binary
properties, in order to compare them with the extragalactic
counterparts. WR/black hole binaries are excellent candid-
ates towards forming double black hole binaries, and their
compact object mass distribution is important in determin-
ing the evolution of massive stars. The fate of Cyg X–3 has
been calculated to be a double black hole binary if the WR
mass is 14.2 M, and the compact object mass 4.5 M (Bel-
czynski et al. 2013), and we can lend support to this scenario
based on our mass estimates for the binary components. In
addition, the WR/black hole binaries could be candidates
for the lower luminosity ultra-luminous X-ray binaries radi-
ating at 1038 − 1039 erg/s.
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APPENDIX A: OBSERVATION LOG AND LINE
RATIOS
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Table A1. Observation log
Spectrum Date UT start UT stop Phase Phase Phase
N◦ dd/mm/yy hh:mm:ss.s hh:mm:ss.s start stop average
1 13/06/15 13:57:25.1 14:07:24.1 0.359 0.393 0.38
2 13/06/15 14:07:31.6 14:17:31.1 0.395 0.428 0.41
3 13/06/15 14:17:38.1 14:27:37.6 0.430 0.463 0.45
4 13/06/15 14:27:44.6 14:37:44.1 0.465 0.498 0.48
5 16/06/15 11:53:15.1 12:03:12.6 0.951 0.984 0.97
6 16/06/15 12:12:18.6 12:22:16.1 0.017 0.050 0.03
7 16/06/15 12:22:23.1 12:32:21.1 0.052 0.085 0.07
8 16/06/15 12:32:28.1 12:42:26.1 0.087 0.120 0.10
9 16/06/15 12:42:33.1 12:52:31.1 0.122 0.155 0.14
10 16/06/15 12:52:38.1 13:02:36.1 0.157 0.191 0.17
11 16/06/15 13:02:43.1 13:12:41.1 0.192 0.226 0.21
12 16/06/15 13:48:04.1 13:58:02.1 0.350 0.383 0.37
13 16/06/15 13:58:09.1 14:08:07.1 0.385 0.418 0.40
14 16/06/15 14:08:14.1 14:18:12.1 0.420 0.453 0.44
15 16/06/15 14:18:19.1 14:28:17.1 0.455 0.488 0.47
16 16/06/15 14:28:24.1 14:38:22.1 0.490 0.524 0.51
17 17/06/15 12:07:46.8 12:17:21.3 0.009 0.042 0.03
18 17/06/15 12:17:51.8 12:27:26.8 0.044 0.077 0.06
19 17/06/15 12:27:57.3 12:37:31.8 0.079 0.112 0.10
20 17/06/15 12:38:02.3 12:47:37.3 0.114 0.147 0.13
21 17/06/15 12:55:40.3 13:05:14.8 0.175 0.209 0.19
22 17/06/15 13:05:45.3 13:15:20.3 0.211 0.244 0.23
23 06/07/15 14:31:02.4 14:40:41.0 0.653 0.686 0.67
24 06/07/15 14:41:11.0 14:50:41.0 0.688 0.721 0.70
25 29/07/15 06:38:16.8 06:47:52.8 0.185 0.219 0.20
26 29/07/15 06:48:22.8 06:57:52.8 0.220 0.253 0.24
27 05/11/15 07:08:52.8 07:18:50.8 0.051 0.084 0.07
28 05/11/15 07:18:58.3 07:28:56.3 0.086 0.119 0.10
29 05/11/15 07:29:03.3 07:39:01.3 0.121 0.254 0.19
30 05/11/15 08:07:53.8 08:17:52.8 0.256 0.289 0.27
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Table A2. Equivalent width ratios. The bottom row gives a sample mean and standard deviation.
Spectrum He II 2.189 µm / He II 2.189 µm / He II 1.012 µm /
N◦ He II 2.165 µm He I 4s–3p 2.112 µm He I 2p–2s 1.083 µm
1 1.72±0.01 5.1±0.2 –
2 1.61±0.01 4.4±0.1 5.9±0.6
3 1.61±0.01 5.3±0.2 –
4 1.47±0.01 5.4±0.2 –
5 1.57±0.01 2.6±0.1 3.9±0.4
6 1.53±0.01 – –
7 2.2±0.1 2.9±0.1 –
8 1.39±0.01 3.0±0.1 –
9 1.47±0.02 3.3±0.1 –
10 1.60±0.01 2.9± 4.0±0.4
11 1.59±0.02 3.6±0.1 4.0±0.6
12 1.71±0.01 5.2±0.1 3.4±0.5
13 1.61±0.01 5.0±0.1 4.7±0.6
14 1.48±0.01 4.0±0.1 –
15 1.53±0.01 5.0±0.2 –
16 1.69±0.01 4.5±0.1 –
17 1.49±0.01 2.7±0.1 –
18 1.72±0.02 2.7±0.1 3.8±0.4
19 1.52±0.01 3.5±0.1 4.5±0.3
20 1.70±0.01 3.3±0.1 4.4±0.4
21 1.54±0.01 3.6±0.1 4.1±0.3
22 1.63±0.01 3.0±0.1 4.9±0.3
23 1.95±0.02 – –
24 2.0±0.1 – –
25 1.62±0.03 4.3±0.2 –
26 1.52±0.06 4.6±0.3 –
27 1.33±0.05 4.7±0.4 –
28 1.24±0.06 2.8±0.3 –
29 1.41±0.06 2.3±0.2 –
30 1.3±0.1 2.4±0.4 –
1.6±0.2 4±1 4.3±0.7
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